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The bond performance between steel bar and cement-based materials was the
prerequisite for the two materials to work together, and previous studies showed that
the bond behavior of the steel bars and cement-based materials will vary with the kinds of
cement-based materials. For this reason, this paper adopted 12 direct pullout test
specimens including three types of concrete and two types of steel bars. The strain of
the steel bar at six measuring points was measured with a strain gauge. Based on the
measured strain and free end slip of the steel bars, the distribution of steel stress, bond
stress, and relative slip and the bond slip relation along the anchorage length were
obtained and analyzed for different concrete and different steel bars. Based on these test
results of steel strain and relative slip at six measuring points, the anchorage position
function could be established in consideration of anchorage position, which was
conducive to the establishment of an accurate bond–slip relationship. In addition, the
anchorage length of the steel bar in Engineered Cementitious Composites (ECC)
calculated from the equilibrium equation of critical limit state is only half of the
anchorage length calculated in the current Code for Design of Concrete Structures
(GB 50010-2010) in China. It is suggested to establish the critical anchorage length
formula suitable for ECC in future studies.

Keywords: bond-behavior, engineered cementitious composite, pull-out tests, anchorage position function, critical
anchorage length

INTRODUCTION

Cement-based materials are widely used in civil buildings, bridges, tunnels, and other fields because
of its advantages of convenient supply of raw material, low cost, good durability, and so on (Fu et al.,
2021; Lei et al., 2021; Lam et al., 2021; Wang et al., 2020; Wang et al., 2021a; Wang et al., 2021b;
Zhang et al., 2021). As one of the advanced cement-based materials, Engineered Cementitious
Composites (ECC) has received more and more attention from both engineers and researchers
because of its superior strain-hardening behavior, crack control capability, and ductile property (Cai
et al., 2021; Hu et al., 2019; Xiong et al., 2021a; Xiong et al., 2021b; Yu et al., 2021; Yu et al., 2017;
Zhou et al., 2019). Experimental studies have confirmed that the ultimate tensile strain of ECC could
exceed 3%, which is about 100–300 times as large as that of ordinary concrete and 5-10 times as large
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as that of steel bar (Li et al., 2002; Xu and Wang 2008). The bond
performance between steel reinforcement and cement-based
materials was the prerequisite for the two materials to work
together and played an important role in ensuring reliable force
transfer from the steel reinforcement to surrounding cement-
based materials. Effective bonding between the steel bar and the
cement-based material is essential for the two materials to work
stably and cooperatively. Poor bonding performance will weaken
the load-bearing capacity of the component, which will lead to
structural failure.

Over the past years, many scholars have carried out some
investigations on the bond performance of steel bars in ECC.
Wang et al. (2015) carried out pullout tests to evaluate the
influences of the properties of matrix materials on the bond
behaviors between BFRP bars and cementitious materials and
found that the bond strength of the ECC specimen was higher
than that of the cement mortar specimen under the same cover
thickness and embedment length. Lee et al. (2016) found that
the bond strength between steel reinforcement and ECC could
be significantly higher than that between steel reinforcement
and normal concrete. Deng et al. (2018) carried out direct
pullout tests of the steel bar in ECC by changing the bar
diameter, bar shape, cover thickness, fiber volume content, and
ECC strength and found that the ultimate bond strength of
ECC and steel bars is better than the extreme bond strength of
ordinary concrete and steel bars. Deng et al. (2018) also built
the position function and proposed an accurate bond–slip
relationship according to the distribution of bond stress
along the anchorage length. Cai et al. (2020) investigated
the bond–slip performance of steel reinforcement embedded
in ECC as well as concrete and found that the bond strength
between steel reinforcement and ECC was higher than that
between steel reinforcement and concrete due to the superior
tensile ductility of ECC. Xiao et al. (2021) carried out an direct
pullout experiment to explore the influence of rebar diameter
and type, cover layer thickness, embedment length, and fiber
volume content on the bond behavior of the rebar embedded in
ECC and found that as the embedment length increased, the
bond stress distribution in the bonded section became
increasingly nonuniform. Huang et al. (2020) examined the
variation in bond stress along the anchorage length of glass
fiber reinforced polymer (GFRP) bar tendons via strain gauges
attached to the GFRP bars and established a more accurate
bond stress and slip constitutive model of the GFRP bars and
concrete. Hossain et al. (2020) performed pullout tests on
specimens with different parameters such as bar type, bar
diameter, embedded length, and concrete types to study the
bond strength between GFRP bars and ECC and found that the
bond strengths of GFRP bars embedded in the ECC were larger
than that embedded in the normal concrete. As the foundation
of finite element analysis and engineering design of reinforced
concrete, the bond–slip relationship between steel bar and
concrete will directly affect the reliability of analysis results.
Krstulovic-opara et al. (1994) found that the bond
performance was significantly affected by the tensile
strength and strain capacity of the matrix. Therefore,
compared with traditional cement-based materials such as

concrete and fiber-reinforced concrete, the bond
performance of steel bar in ECC may be quite different.

In the past few years, many studies have been conducted on
the bond performance of deformed steel bars in concrete under
service periods. According to the test results, various bond
strength models and bond stress–slip constitutive models have
been proposed assuming that the bonding stress is uniformly
distributed over the embedded length, and the average bond
stress is equal to the applied load divided by the contact area
between the steel bar and the surrounding concrete (Zhao and Jin
2002). However, in practical engineering, the distribution of bond
stress is different along the anchorage length. Therefore, it is
necessary to take this difference into account to establish a more
accurate bond–slip relationship. Previous studies have shown that
the tensile strength and strain capacity of the matrix had a major
impact on the bonding performance (Krstulovic-Opara et al.,
1994; Choi et al., 2017). Therefore, the bond behavior of the steel
bars in ECC may be different from the bond behavior of the steel
bars in traditional brittle materials (such as concrete and fiber-
reinforced concrete). For this reason, this paper adopted twelve
direct pullout test specimens including three types of concrete
and two types of steel bars. The strain of the steel bar at six
measuring points was measured with strain gauges. Bonding
stress could be calculated by these strains of the steel bar.
Based on these test results of steel strain and relative slip at
six measuring points, an accurate bond–slip relationship could be
established in consideration of anchorage position.

EXPERIMENTAL PROGRAM

Materials
Engineered cementitious composites (ECC), normal strength
concrete (NSC), and steel fiber-reinforced concrete (SFRC)
were constituted with the mixture formulations provided in
Table 1. The ECC and SFRC both contained Ordinary
Portland cement (P.O 42.5R), Class Ⅰ high-calcium fly ash,
silica sand, superplasticizer, and water. The difference between
the ECC and SFRC is that polyvinyl alcohol (PVA) fiber is used in
ECC, while steel fiber concrete contains steel fiber. The
characteristics of PVA fiber and steel fiber used in this study
are listed in Table 2. The NSC contained Ordinary Portland
cement (P.O. 42.5R), river sand, gravel, water, and

TABLE 1 | Mix proportion used for the three types of concrete (by weight).

Concrete type ECC NSC SFRC

Cement/kg·m−3 383.7 473.6 383.7
Fly ash/kg·m−3 895.3 — 895.3
Silica sand/kg·m−3 455 — 455
Superplasticizer/kg·m−3 10.12 6.16 10.12
PVA fiber/kg·m−3 26 — —

Steel fiber/kg·m−3
— — 13

Water/kg·m−3 303 184.6 303
River sand/kg·m−3

— 694.3 —

Gravel/kg·m−3
— 1,047.5 —

Cube compressive strength/MPa 48 50 75
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superplasticizer. The 28-day average compressive strengths of
ECC, NSC, and SFRC are 48, 50, and 75 MPa, respectively.

A common horizontal concrete mixer with a volume of 30 l
was used to mix the components and prepare cement-based
material samples, as shown in Figure 1. The dispersion of
PVA fibers in the ECC is a key factor in achieving ideal
mechanical properties. In this paper, the clusters of PVA fibers
purchased from the market were placed in a plastic mold with a
diameter of 150 mm and a height of 300 mm, and then the plastic
mold was turned upside down on a smooth wooden board. Then,
a demolding gun connected to the demolding air pump was
inserted into the small hole at the bottom of the plastic mold,
which can make PVA fibers evenly dispersed under the action of
the airflow, as shown in Figure 2. The steel fibers were also evenly
added into the SFRC mixture during the mixing process in order
to avoid the congestion of the steel fibers. In order to test the
tensile properties of ECC material, fresh ECC mixtures were
poured into standard-size dog bone specimens, as shown in
Figure 3A. The results of the tensile performance test showed
that the ultimate tensile strain of ECC used in this paper exceeds
3% andmet the requirements of ECC, as shown in Figure 3B. The
design value of the tensile strength fty of the ECC concrete was
4.58 MPa, and the testing and calculation procedures can be
found in the literature (Xiao et al., 2021).

Specimen Design
The pullout test is one of the most widely used test methods on
investigating the bond performance between steel bar and
cement-based materials due to the convenience of specimen

manufacturing, the simple operation of test apparatus, and the
easy analysis of the test results. In this paper, the pullout test was
employed to study the bond performance between steel bar and
cement-based materials. Direct pullout test specimen is to embed
a steel bar horizontally into the concrete cube along its central
axis. In order to ensure that the thickness of the protective layer is
sufficient to make the failure mode of the specimen result in
pullout failure, the side length of the concrete cube was designed
to be 160 mm. A PVC pipe with a length of 60 mm was placed in
the nonbonded region in the concrete cube, and the PVC pipe was
filled with polyurethane foam to avoid concrete flowing into it
during casting. The steel bar extends 50 mm from the free end
and 360 mm from the loading end, and the length of the bond
region was 100 mm, as shown in Figure 4. The experiment was
divided into four groups, each of which consisted of three
identical test specimens. The type of concrete used in the first
three groups was different, and the type of steel bar used in the last
group was different. Within the 100-mm anchorage length of
each specimen, six strain gauges were pasted at equal intervals,
each about 20 mm apart, as shown in Figure 4. The symbol
E-C16 represents that the concrete of the specimen was ECC and
the steel bar was ribbed steel bar with a diameter of 16 mm. The
symbol E-C16R denoted that the concrete of the specimen was
ECC and the steel bar was a plain round bar with a diameter of
16 mm. The symbol P-C16 meant that the concrete of the
specimen was normal concrete and the steel bar was ribbed
steel bar with a diameter of 16 mm. The symbol SF-C16
indicated that the concrete of the specimen was SFRC and the
steel bar was ribbed steel bar with a diameter of 16 mm. The yield

TABLE 2 | Characteristics of PVA fiber and steel fiber.

Fiber type Density/g·cm−3 Diameter/mm Length/mm Nominal tensile
strength/MPa

Elongation at
rupture/%

Young’s modulus/GPa

PVA fiber 1.3 0.04 12 1,600 6 40
Steel fiber 7.8 0.22 13 2,850 3.5 206

FIGURE 1 | Production process of ECC specimens: (A) ECC material that has been stirred and (B) specimen casting.
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strength of the ribbed steel bar was 415.06 MPa and the yield
strength of the plain round bar was 252.99 MPa and the testing
data can be found in the literature (Xiao et al., 2021).

Experiment setup
The pullout test was carried out on the experimental machine
shown in Figure 5. The concrete specimens with the embedded
steel bar were placed in a self-made steel frame, which consisted
of two 25-mm-thick square steel plates. The two square steel
plates were connected to each other by four 20-mm-diameter
steel rods located at the corners. The distance between the two
steel plates was set to 50 cm to ensure there was sufficient space
for the installation of linear variable differential transformers
(LVDTs). There was a 30-mm-diameter hole in the center of the
steel frame bottom plate to allow the steel bar to pass through. A
universal testing machine with a maximum tensile force of
1,000 kN was adopted to apply the pullout load. The pullout
load was applied at a rate of 0.5 mm/min in displacement loading
mode until failure. Assuming that the bond stress is uniformly
distributed along the longitudinal direction, the formula below
can be used to calculate the average bond strength between steel
bar and concrete:

τ � P
πdla

(1)

where P denotes the pullout force, d represents the diameter of
the steel bar, and la means the length of the bond region. As
shown in Figure 5, the BC segment was the bond region of the
steel bar. The MM section was the upper surface of the concrete
cubes close to the free end. The NN section was the lower surface
of the concrete cubes close to the loading end. Two LVDTs were
symmetrically mounted on the MM section to test the average
displacement of the MM section SM. An LVDT was placed at the
free end of the steel bar (section AA) to test its displacement SA.
The TDS-530 data acquisition system was employed to obtain the
test data. The net slip of the free end of the steel bar could be
expressed as follows:

SF � SA − SM
2

(2)

Since the BF segment was long and near the loading end, the
loading force was large, and the deformation generated could not
be ignored. Therefore, the deformation of the BF segment should
be taken into consideration when calculating the net slip of the
loading end. The deformation of the steel bar in segmented BF
could be expressed as

ΔSBF � P
ESAS

LBF (3)

where ES denotes the elastic modulus of the steel bar, AS

represents the cross-sectional area of the rebar, LBF denotes
the initial length of the steel bar in segment BF, and P refers
to the pullout load. If SZ represented the displacement of the
loading end of the universal testing machine, the net slip of the
steel bar at the loading end can be expressed as follows:

SL � SZ − ΔSBF (4)

Therefore, the average relative slip of the steel bar and the matrix
along the anchorage section could be expressed as follows:

S � SF + SL
2

(5)

EXPERIMENTAL RESULTS AND
DISCUSSION

Bond Stress-Slip Curves
The relationship of bond stress and slip was one of the most
important experimental results for studying the bond
performance between steel bars and concrete. The
stress–slip relationships of the pullout tests of the four
groups of the specimens in this paper are shown in
Figure 6. For ordinary concrete P-C16, when the slip
increased to about 1.5 mm, the tensile force slowly
approached the ultimate load, and when the bond stress
reached the maximum value, the concrete split due to the
hoop tensile force exceeded the tensile strength of the concrete.
The width of the cracks formed was relatively large in the form
of brittle failure. For the SFRC SF-C16, the failure mode of SF-
C16 was different from the failure mode of P-C16. Although
there was a large crack the same as P-C16, the concrete of SF-

FIGURE 2 | The uniform dispersion PVA fiber by a demolding air pump:
(A) before PVA fiber dispersion and (B) after PVA fiber dispersion.
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C16 specimen did not split with brittle sound, forming a shear
failure mode. In addition, the phenomenon of some steel fibers
sinking was observed during casting of the concrete specimens,
so the bond strength was lower than the results of other
scholars, and the slip was lower than that of P-C16, which
may be that the fiber sinking reduced the bond performance of
steel bar and SFRC. Compared with P-C16 and SF-C16, the
crack forms of specimen E-C16 were different. Although the
failure mode was also shear failure, the surface of ECC
specimen would find fine and intensive cracks that were
hard to be observed by the naked eyes. The cracks were
radially distributed from the center to the edge, and the
number of the cracks on the surface of E-C16 was much
more than that on the surface of P-C16 and SF-C16. This is
attributed to that ECC had excellent crack control capability
and ductile property. However, the shear strength of the
pullout test ECC specimen E-C16R with a plain round bar
was relatively small. At the initial stage, the shear stress of
E-C16R was mainly supported by the chemical adhesion. Once
the slip reached a certain value, the bond stress would decrease,
and the slip would increase. The steel bar would be pulled out
from the ECC, and it was difficult to find cracks on the surface
of the specimen E-C16R, indicating that the bond performance
was poor.

The Distribution of Steel Stress Along the
Anchorage Length
Since the strains of the steel bar under different loading levels
could be measured by the strain gauges attached to the steel
bar, the stress distribution of the steel bar along the anchorage
length could be calculated, as shown in Figure7. The steel
tension gradients of E-C16 and SF-C16 were the same, and
their steel tension force started from 6 to 30 kN. The steel
tension gradients of P-C16 were twice those of E-C16 and SF-
C16 and the steel tension force of P-C16 started from 12 to
60 kN. As the bond strength of the specimen E-C16R was
small, the tensile force of the steel bar was small as well and the
steel tension force of E-C16R started from 1.5 to 3.5 kN. It is
shown in Figure 7 that the stress distribution curves of the
steel bars along the anchorage length were similar in the four
types of specimens. The stresses of the steel bars were relatively
gentle at the loading end and free end, but relatively steep in
the middle. As the load increased, the stress of the steel bar at
the loading end increased, but the free end did not change
much. The comparison between the specimen E-C16 and SF-
C16 showed that the gradient of the steel bar stress variation of
E-C16 was smaller than that of SF-C16. This meant that the
steel bar stress of E-C16 was relatively stable with the variation
of the anchoring position. The stresses of the steel bars of
E-C16 at the free end were obviously larger than those of SF-
C16 with the increase in the reinforcement pulling force. This
showed that the PVA fibers played a good bridge effect on the
concrete matrix. When the tension force of the steel bar was
the same, the stress of the steel bar in P-C16 at each anchorage
position was larger than that in E-C16 and SF-C16. The stress
gradient of the steel bar in P-C16 was relatively obvious, which

indicated that the bond strength of P-C16 was relatively high.
With the increase in the tension force of the steel bar, the stress
of the steel bar in E-C16R showed a great change at the loading
end, while the stress of the steel bar at the distance of 60 mm
from the loading end decreases almost to zero. Such an obvious
change indicated that the anchorage performance of E-C16R
was significantly lower than that of the ribbed steel bar.

The Distribution of Bond Stress Along the
Anchorage Length
In this paper, the strain gauge pasted on the surface of the steel bar
was used to measure the strain of the steel bar at six measurement
points along the bond region. Then the bond stress at each
measurement point instead of the average stress of each interval
was directly calculated according to the calculation method adopted
in reference Xu and Wang (2008). Assuming that the strain of the
steel bar was smoothly distributed in the bond region, and the bond
region was divided into five sections by the measurement points, and
the length of each section was h, the following formulas can then be
obtained:

ε(xi + h) � ε(xi) + hε′(xi) + h2

2!
ε″(xi) + h3

3!
ε″′(xi) + o(h4) (6)

ε(xi − h) � ε(xi) − hε′(xi) + h2

2!
ε″(xi) − h3

3!
ε″′(xi) + o(h4) (7)

Eq. 7 is subtracted from Eq. 6:

ε′(xi) � ε(xi + h) − ε(xi − h)
2h

− h2

6
ε″′(xi) + o(h3) (8)

Add Eqs 6, 7 to obtain:

ε″(xi) � ε(xi + h) + ε(xi − h)
h2

+ o(h2) (9)

Take the derivative of Eq. 9 and substitute it into the right-hand
side of Eq. 8:

ε′(xi) � ε(xi + h) − ε(xi − h)
2h

− 1
6

)( εi+1′ + εi−1′ − 2εi′ )) + o(h3)
(10)

Ignore the error term and arrange δεi � εi+1 − εi−1 to obtain the
following formula:

ε’i−1 + 4ε’i + ε’i+1 �
3
h
(εi+1 − εi−1) � 3

h
δεi (11)

The following formula can be obtained from the microsegment
equilibrium of the steel bar, as shown in Figure 8:

ε’i � τi
πd

EsAs
� 4τi
Esd

(12)

Substitute Eq. 12 into Eq. 11 to obtain the following formula:

τi−1 + 4τi + τi+1 � 3Esd

4h
δεi (13)

Considering that its boundary conditions were τ0 � τn � 0, the
bond stress could be obtained through the following equations:
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FIGURE 5 | Schematic diagram of loading apparatus and measurement position: (A) diagrammatic view and (B) photograph.

FIGURE 4 | Details of test specimen (Unit: mm).

FIGURE 3 | Design and tensile property of the adapted ECC in the experiment: (A) dimension of dog-bone specimen (Unit mm) and (B) tensile stress–strain curves
of ECC.
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⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

4 1
1 4 1

... ...
1 4 1

1 4

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

τ1
τ2
τ3
...
τi
...
τn−2
τn−1

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

� 3Esd

4h

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

δε1
δε2
δε3
...
δεi
...

δεn−2
δεn−1

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(14)

where Es represents the elasticity modulus of steel bar, d
denotes the diameter of steel, and τi and εi denote the bond
stress and steel strain, respectively, at pint i. Equation 14 was a
three-diagonal array equation that can be solved by the chase
method. No matter how the measurement points of steel bar
were arranged within the bond region, the equations could
always form a strictly diagonally dominant matrix. Therefore,
the numerical solution to the equations always existed and the
bond stress of each strain measurement point can be calculated
by software for calculation.

Through Eq. 14, the bond stress under different uniaxial
tensile loads was calculated. If these bond stresses were added
up along the anchorage length, the bond stress multiplied by
the circumference of the steel bar should be equal to the load
applied to the steel bar at the loading end. If there was any
difference between the two forces, the negative of the
difference value should be adjusted according to the
principle of equal distribution. Then, a smooth curve was

used to express the general trend of the variations of the
bond stress along the anchorage length, so that the area
under the curve of bond stress distribution multiplied by
the circumference of the steel bar was equal to the load
applied to the steel bar at the loading end, and the curve of
the distribution of bond stress along the anchorage length was
obtained, as shown in Figure 9. The distance from the free end
was defined as the X-coordinate, and the calculated stress in
each strain recording point was defined as the Y-coordinate.

As is shown in Figure 9, no matter what kind of specimens,
the distribution of bond stress along the anchorage length had
a similar trend. That is, at each tensile load level, the stress
along the anchorage length increased from the free end to the
loading end. There were also some differences in the
distribution of bond stress along the anchorage length for
different specimens. For specimen E-C16, with the increase of
the load applied to the steel bar at the loading end, the position
of the maximum bond stress gradually approached the free
end, and the stress in the middle of the anchorage position
gradually became plump, indicating that the PVA fiber played
a good bridging role. For specimen P-C16, at the initial stage
of loading, the position of the maximum bond stress was close
to the loaded end, but with the increase in the load applied to
the steel bar at the loaded end, the stress at 60 mm away from
the loaded end became plump and bore most of the tension
force, gradually becoming the maximum bond stress. For
specimen SF-C16, with the increase in tension force, the

FIGURE 6 | Bond–slip curve: (A) E-C16, (B) P-C16, (C) E-C16R, and (D) SF-C16.
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bond stress peak values of the specimen appeared at 20 and
60 mm away from the loading end. The peak points of the
bond stress moved right with the increase in the tensile force.
It was speculated that the good connection of steel fiber left
and right hooks made the concrete work well together. For
specimen E-C16R, the peak points of the bond stress mainly
appeared at 40 mm away from the loading end, and the peak
value of its bond stress at each tensile load level was far less
than that of the specimen with the ribbed steel bar.

The Distribution of Relative Slip Along the
Anchorage Length
From the measured slip of the loading end and the free end, the
slip between steel bar and cement-based material at any position
in the anchorage length could be calculated. It meant that this slip
could be determined by the displacement difference between
reinforcing bar and cement-based material at each point. In
the test, the strain of the steel bar εsi at each measuring point
had been obtained by the method of the internal strain gauge, so
the elongation of the steel bar micro-segment was Δlsi � εsiΔl (Δl
was the spacing between strain gauges 20 mm). The average stress
σci and strain εci of cement-based material around the steel bar
can be calculated by the balance of micro-segments. Therefore,
the micro-segment deformation of cement-based material was

Δlci � εciΔl. However, the stress distribution of cement-based
materials in the cross section was not uniform. The stress at
the steel bar interface was large, and the stress away from the steel
bar interface was small. Meanwhile, the change in stress along the
cross section varied related to the anchorage position. This
change in trend was very obvious when near the loading end,
but this changing trend was gentle when near the free end.
Therefore, the inhomogeneous deformation coefficient cc (the
ratio of the interface strain to the average strain of the section)
was introduced to consider this effect.

FIGURE 8 | The microsegment equilibrium of steel bar.

FIGURE 7 | Distribution rule of the stress of the steel bar along the anchorage length: (A) E-C16, (B) P-C16, (C) E-C16R, and (D) SF-C16.
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After obtaining the deformation of eachmicrosegment and the
deformation of the cement-based materials, the nonuniform
deformation coefficient cc can be calculated according to the
relative slip of the loading end sl and the relative slip of the free
end sf.

sl � sf +∑n
i�1
(Δlsi + ccΔlci) (15)

The relative slip sx between the steel bar and cement-based
materials at x mm away from the free end could be expressed
by Eq. 16:

sx � sf +∑m
i�1
(Δlsi + ccΔlci), m � x

h
(16)

where x is the distance away from the free end and h is the length
of the bond region. According to the above method, the relative
slip of the steel bar and cement-based materials at each point
within the anchorage length could be calculated under any load,
as shown in Figure 10.

According to the result as shown in Figure 10, in the case of 12
and 24 kN, the relative slip fitting of the SFRC SF-C16 was very
smooth, indicating that the adhesion force of the free end of the
steel bar was lost at the early stage of the experiment and the shear
lag effect was not obvious. However, for normal concrete
specimens P-C16, the slip at the loading end was larger than

that at the free end, and the shear lag effect occurred. For the
E-C16 member with high toughness, the concrete integrity
became better due to the connection between aggregates
through PVA fiber with good hydrophilicity. The difference
between the relative slip of the loading end and the relative
slip of the free end was not particularly obvious, which indicated
that ECC had good toughness and high ductility. Compared with
specimen E-C16, it was obvious that the bond performance of
E-C16R was very poor. Although the difference between the
relative slip of the loading end and the relative slip of the free end
was also not particularly obvious in the early stage, at the moment
of the failure, the difference between the relative slip of the
loading end and the relative slip of the free end became larger
and the shear lag effect occurred.

The Variation of the Bond Slip Relation
Along the Anchorage Length
Since the bond stress between steel bar and cement-based
materials along the anchorage length would vary with the
position, it was impossible to measure every strain of the steel
bar along the anchorage length. In this paper, the bond–slip
relationship was studied according to the anchorage points glued
with strain gauges. Assuming that there was a bond–slip
relationship at each measuring point, each specimen had a
bond–slip relationship at the anchorage positions of 20, 40, 60,

FIGURE 9 | The relationship between bond stress and anchorage position: (A) E-C16, (B) P-C16, (C) E-C16R, and (D) SF-C16.
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and 80 mm. According to the bond stress and its corresponding
slip at each point along the anchorage length of the steel bar under
all levels of load mentioned above, the bond–slip expressions at
different positions could be fitted. After several trial calculations,
it was found that the bond–slip relation at different anchorage
points could be fitted by a cubic polynomial as follows:

τ � a + bs + cs2 + ds3 (17)

where τ is the bond stress and its unit was MPa, and s is the
bond–slip and its unit was mm. a, b, c, and d are the fitting
parameters. The fitting result for the bond–slip relation of
specimens E-C16, P-C16, E-C16R, and SF-C16 at the
anchorage positions of 20, 40, 60, and 80 mm are listed in
Tables 3–6, respectively. It can be seen from the data in these

four tables that the cubic polynomial could fit the experimental
data well. All the correlation coefficients were above 0.9, and all
the variances were very small.

FIGURE 10 | Relationship between slip and position: (A) E-C16, (B) P-C16, (C) E-C16R, and (D) SF-C16.

TABLE 3 | The fitting result for the bond-slip relation of specimens E-C16.

Anchorage
position

Fitting parameters Correlation
coefficient

X/mm a b c d R2

20 0.214 2.462 6.370 −1.126 0.954
40 0.318 5.459 1.733 0.383 0.929
60 0.588 −7.134 61.658 −50.275 0.935
80 0.161 −11.754 7473.358 −120112.9 0.881

TABLE 4 | The fitting result for the bond–slip relation of specimens P-C16.

Anchorage
position

Fitting parameters Correlation
coefficient

X/mm a b c d R2

20 0.013 14.792 −18.491 9.589 0.931
40 0.249 4.079 8.717 −3.980 0.976
60 0.357 7.650 23.006 −8.930 0.995
80 −0.035 −0.406 10.315 −2.595 0.944
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Figure 11 shows the bond slip curves of each specimen at
different positions along the anchorage length in the loading
process. It can be seen from the figure that the bond stress was not

uniformly distributed at different anchorage points, but varied,
obeying the cubic polynomial. Therefore, it was necessary to use
the bonding test to establish the bond slip constitutive relation
considering the influence of anchorage position.

Anchorage Position Function
The anchorage position function was a relative function that
described the relative magnitude of the bond stiffness at different
positions. Generally, the following methods were used to obtain
the following: according to the abovementioned, the curve of the
variation law of steel stress along the anchorage length was
obtained firstly, and then the distribution of bond stress along
the anchorage length was obtained by the stress of the steel bar.
Next, the curve of the variation law of the relative slip along the
anchorage length was drawn, and finally the distribution curve of
bond stress τ at different anchorage positions under all slips was
obtained. On the basis of these curves, the abscine value was
divided by the anchorage length L, and the ordinate value was
divided by its average bond stress, which was transformed into a
normalized curve, and then the anchorage position function ψ(x)
was obtained by statistical regression. On the basis of Figure 12,
the test data was simplified by a standardized method. The bond
stress of each specimen at different anchorage positions was
fitted; the fitting data results are listed in Tables 7, 8, where a,
b, c, d, e, and f are the fitting coefficients and R2 and S are the

TABLE 5 | The fitting result for the bond–slip relation of specimens E-C16R.

Anchorage
position

Fitting parameters Correlation
coefficient

X/mm a b c d R2

20 0.01 12.78 −127.93 884.79 0.996
40 0.02 11.65 687.08 −1254.79 0.988
60 0.01 18.61 255.55 −5835.06 0.856
80 0.01 1.52 1052.63 −28606.01 0.866

TABLE 6 | The fitting result for the bond–slip relation of specimens SF-C16.

Anchorage
position

Fitting parameters Correlation
coefficient

X/mm a b c d R2

20 0.148 4.360 3.903 −3.578 0.926
40 0.144 10.922 −34.235 40.498 0.947
60 0.189 13.923 −19.990 22.622 0.966
80 0.173 12.783 −29.680 42.245 0.899

FIGURE 11 | The relationship between bond stress and relative slip at different anchorage positions: (A) E-C16, (B) P-C16, (C) E-C16R, and (D) SF-C16.
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correlation coefficients and variance, respectively. According to
correlation coefficient R2, the fitting effect of the four polynomials
was good for the three kinds of specimens E-C16R, E-C16, and
P-C16, and their fitting correlation coefficient R2 was above 0.85,
but the fitting effect of the four polynomials was poor for
specimens SF-C16. Therefore, this paper adopted the fifth-
degree polynomial to fit the test results of SF-C16 with the
variance of 0.

According to Tables 7, 8; Figure 12 above, the anchorage
position functions of four different kinds of specimens could be
obtained. The anchorage position function of the specimens
E-C16 is as follows:

ψE(x) � 0.016 + 4.52(x
L
) − 1.893(x

L
)2

− 7.143(x
L
)3

+ 4.483(x
L
)4

(18)

FIGURE 12 | Position function: (A) E-C16, (B) P-C16, (C) E-C16R, and (D) SF-C16.

TABLE 7 | The fitting results of specimens E-C16R, E-C16, and P-C16 at different anchorage positions.

Specimens
type

Fitting parameters Correlation
coefficient

a b c d e R2

E-C16 0.016 4.52 −1.893 −7.143 4.483 0.885
P-C16 0.043 0.687 21.33 −45.06 22.96 0.738
E-C16R −0.003 3.997 0.373 −12.472 8.108 0.977

TABLE 8 | The fitting results of specimens SF-C16 at different anchorage positions.

Specimens
type

Fitting parameters Correlation
coefficient

a b c d e fact R2

SF-C16 0 17.64 −119.27 312.51 −338.13 127.26 0.880
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The anchorage position function of the specimens P-C16 is as
follows:

ψP(x) � 0.043 − 0.687(x
L
) + 21.33(x

L
)2

− 45.06(x
L
)3

+ 22.96(x
L
)4

(19)

The anchorage position function of the specimens E-C16R is as
follows:

ψER(x) � −0.003 + 3.997(x
L
) + 0.373(x

L
)2

− 12.472(x
L
)3

+ 8.108(x
L
)4

(20)

The anchorage position function of the specimens SF-C16 is as
follows:

ψSF(x) � 17.64(x
L
) − 119.27(x

L
)2

+ 312.51(x
L
)3

− 338.13(x
L
)4

+ 127.26(x
L
)5

(21)

Since the number of test specimens was limited, the anchorage
position function of the steel bars and cement-based materials
discussed herein was mainly for comparison, and by comparison,
the expression function varied with the change of cement-based
materials. The bond–slip relation obtained by the pullout test
could not reflect the influence of bond position, but in fact, the
bond–slip constitutive relation varied with anchorage position. In
order to describe this variation, an anchorage position function
could be determined on the basis of the basic bond–slip
relationship that was already known, and the bond–slip
constitutive relation along anchorage length was expressed by
multiplying the basic bond–slip relationship with the anchorage
position function. The basic bond–slip relation adopted the
average bond–slip constitutive relation τ � φ(s), then the
bond–slip constitutive relation between steel bar and cement-
based materials could be accurately described as:

τ(s, x) � φ(s) · ψ(x) (22)

where τ(s, x) denotes the bond constitutive relation that varied
with anchorage position. φ(s) represents the average bond–slip
relationship measured through the pullout test. ψ(x) is the
anchorage position function, which could be taken according
to Eqs 18–21.

Anchorage Length of the Steel Bar in ECC
There are two kinds of failure modes for the steel bar embedded in
ECC under the tension force F: one is failure due to the steel bar
being pulled apart; the other is failure due to the interface between
the steel bar and ECC being sheared off. For the determined steel
bar and ECC, the yield stress of the steel bar is a determined value,
while the anchorage force applied by the ECC on the steel bar
increases with the increase of the anchoring length La. When the
anchorage length increases to a certain value, the anchorage force
can be equal to the yield force of the steel bar, which means the

anchorage failure occurs simultaneously with the yield of the steel
bar. This particular anchorage length is called the “critical
anchorage length.” The state in which the anchorage force is
equal to the yield force of the steel bar is called “anchorage limit
state.” It can be seen that the critical anchorage length is actually
the minimum anchorage length that the steel bar cannot be pulled
out in ECC when the tension force F reaches the yield force of the
steel bar. The anchorage limit state is the state that the yield stress
of the steel bar and the ultimate bond stress between the steel bar
and ECC reach at the same time. Assume that under the critical
limit state, the critical anchorage length of the steel bar in ECC is
lcr. The tensile force of the steel bar is F and the yield strength of
the steel bar is f y. The diameter of the steel bar is d, and the bond
stress of the interface between the steel bar and ECC is τu, then the
anchorage force applied by ECC on the steel bar can be calculated
as follows:

F � πdlcrτu (23)

The relation between the force F applied on the steel bar and the
yield strength of the steel bar f y can be calculated as follows:

F � πd2

4
f y (24)

The calculation formula of critical anchorage length lcr can be
obtained from the equality of the above two expressions:

lcr � f yd

4τu
(25)

In this paper, the diameter of the ribbed steel bar is 16 mm, the
yield strength of the ribbed steel bar is 400 MPa, and the design
value of ECC’s tensile strength is 4.58 MPa. By substituting these
values into Eq. 25, the critical anchorage length of the ribbed steel
bar in ECC can be calculated to be 97 mm (la ≈6 days).

However, in the current Code for Design of Concrete
Structures (GB 50010-2010) in China, when making full use of
the tensile strength of the steel bar, the anchorage length of tensile
steel bar should be calculated as follows:

la � α
f y
f t
d (26)

where α is called the shape coefficient of the steel bar, f t is called
the design value of the tensile strength of the concrete, and fy is
called the design value of the tensile strength of the steel bar. In
this paper, the shape coefficient of the ribbed steel bar α is 1.4, the
design value of the tensile strength of the ECC f t is 4.58 MPa, and
the design value of the tensile strength of the steel bar f y is
400 MPa. In this paper, the critical anchorage length of the ribbed
steel bar with a diameter of 16 mm in ECC can be calculated to be
195.68 mm (la � 12.23 days) by substituting each of the above
values into Eq. 26. It could be seen that it was safe and
conservative to use Eq. 26 to calculate the anchorage length of
the steel bar in ECC. Through the pullout test, we also found that
when the anchorage length reached 100 mm, some of the steel
bars reached the yield point. Therefore, in order to facilitate
engineering application, it is suggested to establish the critical
anchorage length formula suitable for ECC in future studies.
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CONCLUSION

In this paper, experimental results for the influence of concrete
type and steel bar type on the bond performance between steel bar
and cement-based materials through the pullout test were
presented and discussed. From this investigation, the following
conclusions can be drawn:

1) Compared with failure modes of the pull-out specimens
containing normal concrete (P-C16) and SFRC (SF-C16), it
was found that fine and intensive cracks that were hard to be
observed by naked eyes appeared on the surface of the pullout
specimens containing ECC (E-C16). These cracks of E-C16
were radially distributed from the center to the edge, and the
number of the cracks on the surface was much more than that
on the other two specimens. This showed that ECC had
excellent crack control capability and ductile property.

2) The strain of the steel bar at six measuring points was
measured with strain gauge. Based on the measured strain
and free end slip of the steel bars, the distribution of steel
stress, bond stress, and relative slip and the bond slip relation
along the anchorage length were obtained and analyzed for
different concrete and different steel bars. Anchorage position
function was established in consideration of anchorage
position, which was conducive to the establishment of an
accurate bond–slip relationship.

3) It was safe and conservative to use the calculation formula of
critical anchorage length in the current Code for Design of
Concrete Structures (GB 50010-2010) in China to calculate
the critical anchorage length of the steel bar in ECC. It is
suggested to establish the critical anchorage length formula
suitable for ECC in future studies.
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